Microstructural effects on the magnetic behavior of rf-sputtered CoFe-AgCu granular alloys are examined through the study of the in-plane remanence-to-saturation magnetization ratio, M r /M s , as a function of temperature, ferromagnetic volume content, x v , and annealing temperature. At low ferromagnetic contents (x v р0.25), the M r M s ratio in as-deposited samples tends towards 0.5 at low temperature, as expected from the uniaxial perpendicular anisotropy displayed by all samples, which is magnetoelastic in nature and arises from the axial distortion of the CoFe face-centered-cubic cells. In as-deposited samples with x v Ͼ0.25 ͑well below the volume percolation threshold, x p ϳ0.5-0.55), a collective magnetic behavior develops due to magnetic correlations among particles. Consequently, a domain structure perpendicular to the film plane appears, which results in a remanence breakdown: M r /M s is about 0.2. Besides, magnetic correlations prevents the thermal decay of M r /M s , which is almost constant between 5 and 300 K, even for ferromagnetic particles no more than 3 nm in size. The axial distortion disappears with annealing, the cubic symmetry is recovered, the out-of-plane magnetic structure is lost and, therefore, the M r /M s ratio at low temperature tends towards 0.8 for highly annealed samples. Consequently, the magnetic properties of granular alloys depend on the interplay between anisotropy, exchange, and dipolar interactions, which in turn depend crucially on the microstructure.
I. INTRODUCTION
Magnetic granular alloys, consisting of a distribution of fine magnetic particles embedded in a nonmagnetic metallic matrix, have generated great interest due to their technological applications and their new challenging magnetic and transport properties, such as giant magnetoresistance. 1 Technological requirements make the role of interparticle interactions increasingly important. 2, 3 In granular structures, exchange coupling is developed through the conducting matrix, while dipolar interactions are intrinsic in dispersions of fine magnetic particles.
The temperature decay of remanence is found to provide useful information about the energy barrier distribution, 4 which can be used to examine the effects of interactions when compared to the low-field susceptibility and time dependence of the thermoremanence. 5 At Tϭ0 K, the StonerWohlfarth model 6 predicts that the remanence-to-saturation magnetization ratio, M r /M s , is 0.5 for a random distribution of noninteracting uniaxial single domain particles with coherent rotation of the total magnetization. However, deviations from this ideal value are observed in real systems due to interparticle interactions and textured growth. The effect of dipolar interactions on M r /M s is strongly dependent on both their strength and local particle distribution, and they may either enhance or reduce remanence. [7] [8] [9] [10] [11] For example, a particular topological arrangement of the particles ͑e.g., linear chain of regular particles͒ may lead to a nose-to-tail ordering of the magnetic moments and thus to an enhancement of the magnetization. 12 However, experimental remanence at high concentration is usually found to decrease in a random distribution of fine particles due to dipolar interactions, 9, 10 in agreement with Monte Carlo simulations. 7 Similarly, the effect of exchange interactions is difficult to predict since it also may either enhance or reduce magnetization. It has been observed that as the ferromagnetic ͑FM͒ content is increased and magnetic particles become closer, the increase in exchange coupling enhances remanence. 8, 13, 14 However, weak exchange coupling may also enhance the formation of flux-closure loops, leading to a reduced remanent magnetization. Remanence enhancement has been widely studied in systems with coexisting soft and hard magnetic phases, and M r /M s values up to 0.964 have been reported in recording media. 15 M r /M s values smaller than 0.5 have been reported in uniaxial systems, [16] [17] [18] [19] which has been attributed to quantum relaxation, 16 interaction effects, 17, 18 or M s being overestimated due to surface and dilution effects. 19 An increase in the blocking temperature with particle concentration has also been found due to dipolar interactions. 3, 9, 19 Magnetic interactions also cause a slower thermal decay of the remanence.
In this article we study the M r /M s ratio for CoFe-AgCu granular alloys with FM volume contents, x v , ranging from 0.10 to 0.45. In as-deposited samples, the mean CoFe particle size and CoFe alloying to the matrix are irrespective of a͒ Author to whom correspondence should be addressed; electronic mail: amilcar@ffn.ub.es
x v , which means we can study: ͑i͒ the effect of magnetic interactions as a function of interparticle distance and ͑ii͒ the way in which magnetic correlations cause a remanence breakdown at magnetic percolation. The physical and magnetic microstructural changes with annealing are also monitored by remanence measurements.
II. EXPERIMENT
CoFe-AgCu films 200-300 thick were rf sputtered onto glass substrates. Fe and Cu were added to the widely studied Co-Ag system for a number of reasons: Fe was added to Co in order to increase the magnetic moment and, consequently, the magnetoresistive effect, 20 while a small amount of Cu ͑about 3% by volume͒ was added to increase the Co-Ag immiscibility. 21 Cu is immiscible in both Co and Ag, which leads to a granular system even for as-deposited samples, obviating substrate heating or postdeposition annealing, but not avoiding a certain degree of CoFeAgCu alloying. Postdeposition phase segregation was promoted by rapidly annealing ͑0.1 s͒ at 600, 650, 700, and 750°C. A detailed description of the experimental procedure and structural characterization is given elsewhere. 21 Parallel and perpendicular hysteresis loops were measured with a vibrating sample magnetometer with fields up to 12 kOe, within 5 and 300 K. In-plane remanence curves ͑isothermal remanent magnetization and dc demagnetizing curves͒ were also measured at 5 K. The field sweeping rate was kept constant and all samples were carefully ac demagnetized before any experiments were performed in order to avoid magnetic-history dependence. Susceptibility measurements at low field were performed with a superconducting quantum interference device magnetometer, in the in-plane geometry.
III. RESULTS AND DISCUSSION

A. Microstructure and magnetic anisotropy
Structural characterization confirms the granular nature of the samples for all the concentrations studied. 21 Both CoFe and Ag crystals displayed a face-centered-cubic ͑fcc͒ structure with the ͗111͘ direction textured perpendicular to the film plane, with an angular dispersion for the CoFe particles of about 30°in as-deposited samples and about 10°in samples annealed at 750°C. Structural data also showed a rhombohedral distortion of the cubic cell in all as-deposited samples: The ͗111͘ direction is in compression, while the directions in the film plane are in tension, giving rise to a perpendicular uniaxial magnetic anisotropy along the textured ͗111͘ direction. 21 This axial distortion is associated with the residual stresses produced during deposition by differences in the thermal expansion coefficients of the substrate and the film. [22] [23] [24] The value of the perpendicular uniaxial anisotropy may be evaluated by comparing parallel and perpendicular hysteresis loops ͑Fig. 1͒: 25 The angle of the resulting anisotropy K with respect to the film normal may be found using the expressions, H sʈ ϭ2K cos 2 /M s and H sʈ ϩH sЌ ϭ4M s ϩ2K/M s , where H sʈ and H sЌ are the parallel and perpendicular saturation fields, respectively, and M s is the saturation magnetization. The values of M s , H sʈ , H sЌ , K, and obtained are listed in Table I . Values for K within 0.30-0.40ϫ10 6 erg/cm 3 and ϭ0 for all as-deposited samples have been found, in agreement with the magnetoelastic energy calculation from the axial distortion. 21 Similar results have been observed in CoFe-Cu granular films, 26 though K values were smaller (ϳ0.2ϫ10 6 erg/cm 3 ), as a consequence of a lower degree of texture with respect to the CoFe-AgCu films.
The mean size of CoFe particles is about 3 nm for all as-deposited samples. This mean size irrespective of x v may be understood bearing in mind that the process of forming particles at x v below the percolation threshold (x p ϳ0.5-0.55) is a segregation-nucleation diffusion and growth process, in such a way that by stopping it at the earlier steps, the final size of the particles only depends on the synthesis conditions and not on the FM content. Beside, the degree of alloying was calculated using Vegard's law after carefully analyzing the shifting of the Bragg peaks, 21 leading to a 2% of CoFe diluted in the Ag matrix for all as-deposited samples irrespective of x v , indicating that the latter is CoFe saturated for all the concentrations studied.
B. Temperature decay of the remanence and low field susceptibility
Parallel hysteresis loops at 5 K are shown in Fig. 2 as a function of both the FM content and annealing temperature. It is evident from Fig. 2 that both x v and annealing temperature largely affect the M r /M s ratio. The unusual shape of the hysteresis loop for the as-deposited samples with x v у0.25 is associated with an out-of-plane magnetic domain structure and is discussed in Ref. 27 .
In as-deposited samples with x v р0.25, the perpendicular uniaxial anisotropy arising from the deformed fcc cell makes the in-plane M r /M s ratio tend towards 0.5 at low temperature ͑Fig. 3͒. However, for some as-deposited samples, this value is greater than 0.5, which might be due to the coexistence of axial distorted and cubic fcc crystals. In fact, strains are stronger nearer the substrate than further away from it ͑because of the stress relaxation associated with plastic deformations as the film grows͒. 28 An axial distortion larger than 0.01% is at least needed to induce significant uniaxial anisotropy. 24 5 either through the metallic matrix aided by the diluted paramagnetic atoms 29 or because the matrix itself becomes a weak ferromagnet 30 acting to couple the FM particles. Therefore, when magnetic particles are close to each other ͑at distances between particle surfaces smaller than about 1.5 nm at x v у0.25), interparticle interactions stabilize an out-of-plane stripe-like magnetic domain microstructure. 5, 27 This result led us to conclude that magnetic percolation takes place well below the volume percolation threshold. Consequently, the remanent state after in-plane saturation displays an out-of-plane component of the magnetization, which does not contribute to the in-plane remanence. In all likelihood this effect is responsible for the remanence breakdown, leading to very small values of M r /M s at low temperature. This is not the case for as-deposited samples with x v Ͻ0.25, which do not show any out-of-plane component of the magnetization after in-plane saturation and display values of M r /M s ϳ0.5.
In addition to this remanence breakdown, the shape of the thermal dependence of the M r /M s ratio for as-deposited samples significantly changes with x v ͑Fig. 4͒. The effects of interactions clearly favor low remanence at low temperatures and stabilize a blocked state at high temperature. Assuming that the mean blocking temperature, ͗T B ͘, may be calculated as KVϳ25k B ͗T B ͘, where V is the particle volume, k B the Boltzmann constant and Kϳ0.35ϫ10 6 erg/cm 3 , then CoFe particles of 3 nm in diameter should be superparamagnetic above about 10 K. Thus, at room temperature, all asdeposited samples should be superparamagnetic and the M r /M s ratio should be zero ͓Figs. 4͑a͒-4͑c͔͒. However, in those samples with high FM content, magnetic correlations ensures that the M r /M s ratio is kept almost constant with temperature, since these correlations prevent the thermal decay of M r /M s ͓Fig. 4͑d͔͒.
Three curve types are observed when comparing the shape of the data shown in Fig. 4 . The rapid decay with temperature of a weakly interacting distribution of fine magnetic particles is observed in as-deposited samples with x v Ͻ0. 19 , which evolves to a slower thermal decay as x v is progressively increased. For x v ϭ0.10 the curve corresponding to the annealing temperature at 750°C is similar to that for the as-deposited sample, reflecting the slight evolution in the microstructure with annealing at low concentrations ͓Fig. 4͑a͔͒. Correspondingly, the zero-field-cooled ͑ZFC͒ and field-cooled ͑FC͒ susceptibilities do not show a significant change with annealing ͓Fig. 5͑a͔͒ and display the typical features of a random distribution of weakly interacting fine magnetic particles. For x v ϭ0.19, the as-deposited and soft annealed samples also display a rapid decay in M r /M s ͓Fig. 4͑b͔͒, while for the samples annealed at 650 and 750°C, a kind of bimodal behavior is observed corresponding to the superimposition of two contributions: One associated with the smallest particles ͑rapid decay͒ and the other associated with the largest particles and agglomerates ͑slow decay͒, due to the broad particle size distribution achieved with annealing in samples with x v у0. 19 . 21 This bimodal distribution in the annealed samples is confirmed through the thermal dependence of the ZFC and FC susceptibilities ͓see Figs. 5͑b͒ and 6͑a͔͒: The existence of small particles is evidenced by the fact that the ZFC curve decreases and the FC curve increases as temperature goes down; while the existence of large particles and aggregates is confirmed by the fact that the later thermal dependencies are rather smooth and no peak is observed in the ZFC curve. The as-deposited sample with x v ϭ0.25 shows similar behavior, with smaller M r /M s values ͓Fig. 4͑c͔͒, while the annealed sample at 750°C shows a quasilinear decay, which is due to the existence of very large particles and aggregates, in agreement with the very broad particle size distribution observed by transmission electron microscopy. 21 In this case, the bimodal behavior observed in the as-prepared and soft annealed samples is attributed to the coexistence of strongly correlated and weakly interacting particles: ͑i͒ The ZFC and FC susceptibilities ͓Figs. 5͑c͒ and 6͑b͔͒ are almost flat above the temperature of the maximum of the ZFC curve; the magnetic irreversibility extends up to very high temperatures and the FC curve is also flat below the maximum of the ZFC curve, thus suggesting the presence of strong interparticle interactions; ͑ii͒ the ZFC curve displays a maximum and largely decreases at low temperature. However, for the 650 and 750°C annealed samples the overall behavior is quite similar to that observed for x v ϭ0.19, but with larger particles 21 and interactions ͓the FC curve is flatter; Fig. 6͑c͔͒ . Finally, for x v ϭ0.33 M r /M s for asdeposited and all annealed samples displays a weak thermal decay ͓Fig. 4͑d͔͒, as a consequence of the strong magnetic correlations in the as-deposited samples and large magnetic particles in the annealed ones. This is in agreement with the ZFC and FC curves: ͑i͒ Taking into account the fact that the size distribution is rather the same for all as-deposited samples irrespective of x v , 21 the evolution shown in Fig. 5 suggests that the interparticle interactions largely increase with x v ; ͑ii͒ the curves corresponding to the annealed samples for x v ϭ0.33 indicate the existence of very large particles and magnetic interactions ͑probably between the particles within the same aggregate͒.
The M r /M s ratio increases progressively with annealing, approaching 0.8 at low temperature ͑Fig. 7͒, as expected for cubic symmetry. 6, 23 Through annealing, the microstructure evolves to a higher degree of crystallinity: Phase segregation and strain relaxation take place, the crystal symmetry tends progressively to cubic and the magnetic anisotropy axis moves towards the ͗100͘ direction of the cubic cell, forming an angle of 54Ϯ5°with respect to the film normal ͑Table I͒. This remanence increase might also be partially due to the random agglomeration of FM particles with annealing, which might withstand an enhanced remanence due to exchange interactions. Transmission electron microscopy showed that particles coalesce during annealing and twins, transparencies and Moiré fringes were observed, suggesting the formation of large particle aggregates. 21 However, we believe that it is the cubic symmetry that leads to an M r /M s value of about 0.8 in highly annealed samples, since similar M r /M s values are found for x v ϭ0.19 and x v ϭ0.33 ͑see Fig.  7͒ . Even for x v ϭ0.10, where structural analysis showed almost no agglomeration, the M r /M s value after annealing at 750°C is close to 0.8 at low temperature ͓Fig. 4͑a͔͒.
For samples annealed at 750°C, ͗T B ͘ should be well above room temperature, thus the weak thermal dependence of M r /M s for the 750°C annealed samples at high x v ͓Figs. 4͑c͒ and 4͑d͔͒ has to be attributable to the large size of the FM particles rather than to interparticle interactions. In addition, as the CoFe spins diluted in the matrix are completely segregated and the perpendicular anisotropy is removed, no out-of-plane component of the magnetization is observed in the annealed samples, 5, 27 suggesting the formation of large in-plane domains. Consequently, no reduction in the remanence is observed.
The interpretation given above for the thermal dependence of M r /M s as a function of x v and annealing temperature is reinforced through the analysis of the magnetic field dependence of the so-called ⌬M plots ͑Fig. 8͒, which are based in the comparison of the isothermal remanent magnetization and the demagnetizing remanence curves ͑see Ref.
31͒. ⌬M plot is a powerful method to determine the strength and nature of the macroscopic dominant interaction in the sample. As-deposited samples below the physical percolation threshold display negative ⌬M values ͓Fig. 8͑a͔͒. At low concentrations, this is attributed to the demagnetizing effect of the dipolar interactions among a random distribution of well separated particles. At x v у0.25, ⌬M Ͻ0 is attributed to the flux closure between antiparallel neighboring domains. Annealing causes particle growth and clusterization, leading to ⌬M Ͼ0values at high x v ͓Fig. 8͑b͔͒. This fact is due to the increase in the direct exchange through the surface of neighboring particles in the same aggregate, at expense of dipolar interactions, which decreases as the clusters become more separated.
IV. CONCLUSIONS
The M r /M s ratio in magnetic granular alloys as a function of the concentration, temperature, and annealing has been studied. This ratio appears to be intricately linked to structural features, including residual stresses and axial distortions as small as 1%. Moreover, while remanent enhancement has been widely studied in thin films and magnetic recording media, we have shown how remanence breakdown takes place in granular systems due to the stabilization of a longrange out-of-plane domain microstructure. Similar studies in CoFe-Cu samples 26 prepared under the same conditions also showed the evolution of M r /M s from 0.5 in asdeposited samples to 0.8 in annealed ones, although no remanence breakdown was observed in as-deposited samples with high x v . No out-of-plane component of the magnetization was observed after in-plane saturation, in agreement with the smaller anisotropy values and lower crystal texture displayed by these samples, 26 than those used here. It has also been shown that magnetic correlations are able to maintain a constant M r /M s ratio up to room temperature, since they are able to avoid thermal decay of remanence, even for particles no more than 3 nm in size. These findings illustrate the extent to which the magnetic properties of granular alloys depend on the interplay between anisotropy, exchange, and dipolar interactions, which in turn depend crucially on the microstructure.
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